[1] A global simulation of a December 22, 1996 substorm revealed a previously unknown state of magnetospheric convection. Earthward flow from a tail neutral line reversed direction in the inner magnetosphere and formed a largescale vortical nightside convection pattern. The dawnside vortex formed a flux rope just prior to the substorm onset, but this was not the cause of the substorm breakup. The vortex structure of the dusk-side flow created strong fieldaligned currents directed away from the Earth that connected to the region of maximum auroral luminosity in the ionosphere. These currents are probably related to the westward traveling surge. The flow reversal and formation of the tail vortices may be a result of the simulation's earthward convection being limited by the high near-Earth plasma pressure and/or by line-tying caused by the high ionospheric conductance.
Introduction
[2] An isolated magnetospheric substorm is thought to start when a southward interplanetary magnetic field (IMF) merges with the Earth's dayside magnetic field and transfers energy from the solar wind to the magnetosphere. This energy is transported to the tail lobe magnetic field where it is stored and eventually released by reconnection in the near-Earth magnetotail. Earthward convection then returns magnetic flux from the nightside to the dayside. Although the details of this process and its relationship to spatial and temporal changes in aurorae remain controversial, most models of magnetospheric substorms involve tail reconnection [e.g. Baker et al., 1996; Lui, 1996] . Statistical studies indicate that reconnection most frequently occurs in the region À30 R E x À20 R E [Nagai et al., 1998 ]. However, observations show that substorm onset is also associated with the disruption of the near-Earth current sheet and the rapid dipolarization of the magnetic field earthward of the reconnection region [Lopez et al., 1993] . At the same time auroral observations indicate that the first auroral brightening, which signals the start of the substorm expansion phase, maps well earthward of the typical position of the neutral line [Elphinstone et al., 1995; Frank and Sigwarth, 2000] .
[3] December 22, 1996 was a moderately active day. The interplanetary magnetic field was southward throughout most of the morning. The Wind spacecraft was 82 R E upstream from the Earth and served as the solar wind monitor (see Figure 1 of Ashour-Abdalla et al. [1999] for Wind observations). After a brief interval ($10m) during which the IMF north-south component was northward at Wind, B Z turned southward at about 1115 UT, and the southward turning reached the Earth about 1140 UT. Auroral images from the VIS and UVI cameras on the Polar satellite show that a substorm began between 1251 UT and 1252 UT with a second intensification between 1316 UT and 1320 UT. We used solar wind and interplanetary magnetic field (IMF) observations from the Wind spacecraft as input to the MHD model and the simulation was run for nearly 4 hours before substorm onset in order to ensure the correct modeling of the prior state of the magnetosphere. In our first study [Ashour-Abdalla et al., 1999] we compared the simulation results with observations of the magnetic field and plasma moments from the Geotail spacecraft located at x = À28 R E and y = À10 R E and with Interball magnetic field observations when Interball was located at x = À20 R E and y = 12 R E ; both were near the equator. The simulation reproduced many of the features observed from the locations of both spacecraft (see Figure 1 of Ashour-Abdalla et al. [1999] ). Building on this satisfactory agreement between theory and observations, we used the simulation results to provide information about changes at locations in the near-Earth magnetotail where no in situ observations had been made.
[4] This paper presents an analysis of these results, from which we identified a previously unrecognized convection state in the magnetosphere; we also discuss its relationship to the auroral substorm. We show that the substorm is associated with the diversion of earthward flow from the tail's neutral line into large-scale vortices on the dawn and dusk sides of the magnetotail. The tailward flow in these vortices stretches and twists the magnetic field lines. Reconnection on closed field lines form flux ropes that escape tailward. In an event that coincides with substorm onset, tailward flow on closed field lines commences from deep within the magnetosphere; the flow eventually encounters the pre-existing tail neutral line and the closed field lines ''anti-reconnect'' with recent newly formed IMF field lines.
Simulation Results
[5] Figure 1 shows the simulation's plasma pressure, flow velocity, and B Z -component in the central plasma sheet during the late growth phase and early expansion phase. Since the IMF B y component was primarily dawnward throughout this interval, and since December 22 is almost the winter solstice, the plasma sheet is displaced below Z GSE = 0 and was slightly warped. The results in Figure 1 were plotted in the surface of maximum plasma thermal pressure. This surface is a very good approximation to the center of the plasma sheet on the night side; however, on the dayside it corresponds to the polar cusp rather than the equatorial plane. The color shading indicates the north-south component of the magnetic field across the surface and the black contours show the plasma thermal pressure. Finally the white arrows give the flow velocity.
[6] The first snapshot at 1248 UT is very late in the growth phase. Enhanced earthward convection from a neutral line located at about x = À25 R E occurs throughout the entire growth phase. The neutral line can be identified in Figure 1 by the change from warm (yellow) to cold (blue) colors near midnight. This neutral line, which formed during an earlier interval of southward IMF, is present when the southward IMF rotation associated with this substorm reaches the Earth at about 1150 UT. Following the southward IMF arrival, the tail reconnection rate slowly increases, enhancing a narrow channel of earthward flow near midnight (Figure 1, 1248 UT panel, A) . Near the Earth (x = À10 R E ) this flow channel bifurcates; part of the flow moves toward the dawnside magnetopause and part toward dusk. Throughout the growth phase the plasma pressure in the near-Earth plasma sheet increases, and a region of high pressure develops inside x = À10 R E . At about 1236 UT (not shown) on the dawnside the earthward flow reverses direction, and the plasma begins flowing tailward, forming a vortex-like region in the dawnside near-Earth tail. By 1248 UT this vortex-like pattern is well established. After the vortex forms the magnetic field in the region with tailward flow becomes highly stretched and the B Z -component decreases so that by 1248 UT it is less than 0.3 nT (Figure 1, 1248 UT panel, B) . This is a region of local thinning of the plasma sheet.
[7] By 1252 UT the magnetic field associated with the dawnside tailward flow exhibits a southward tilt, (Figure 1 , 1252 UT panel, B) indicating that additional magnetic reconnection on closed field lines has started and that a complex magnetic flux rope structure has formed (see Plate 2 of Ashour-Abdalla et al. [1999] ). At 1252 UT this flux rope is on twisted, closed magnetic field lines and is oriented nearly parallel to the Sun-Earth line. The flux rope, whose axis parallels the blue region marked B in Figure 1 , was observed by the Geotail spacecraft [Ashour-Abdalla et al., 1999] . Although the dawnside flux rope forms at the onset time of the auroral substorm, the magnetic field lines from this region reach the ionosphere well dawnward of the region of initial auroral brightening, and the field-aligned currents associated with the flux rope are directed into the ionosphere, i.e., in the direction of opposite to the electron precipitation.
[8] The substorm onset appears to be related to another event occurring simultaneously on the duskside. At about 1250 UT part of the earthward flow on the dusk side of midnight reverses direction, much like the dawnside flow did 14m earlier. In Figure 1 this reversed flow can be seen at x = À10 R E and y = 5 R E (1252 UT panel, C). In the simulation the region of flow reversal maps to the ionosphere near the location of substorm onset in the Polar images. B Z has become very small where the flow is tailward (Figure 1 , 1256 UT panel, C).
[9] By 1300 UT the tailward flow (Figure 1 , 1300 UT panel, C) has reached the region of the cross-tail neutral line and B Z in the region of tailward flow has become negative. We plot two views of the magnetic field lines in this region in Figure 2 . In this figure closed field lines are cyan, open field lines are yellow, and IMF field lines are red. The highly distorted closed field lines originate in the southern dusk side ionosphere, are nearly parallel to the equator in the plasma sheet, and reach the northern ionosphere near midnight. These twisted field lines, which were observed on Interball (see Figure 1 of Ashour-Abdalla et al. [1999] ), were created by the dissolution of an earlier flow vortex (in Figure 1 , 1248 UT, the region 10 R E y 15 R E , À30 R E ! x ! À60 R E ). Their slow Earthward motion is blocked by the outward flow of the new near-Earth vortex, which started at 1252 UT, and the area pushed toward dawn where they encounter IMF field lines at the duskward edge of the tail neutral line which were recently formed by the reconnection of open straight tail lobe lines. Of special interest are the yellow open field lines which closely follow the IMF field lines toward the distant tail (x < À30 R E ) but envelope and follow the highly distorted closed field lines near the Earth. These twisted open field lines formed when the closed, dawnward moving, distorted field lines crashed into the duskside edge of the crosstail neutral line, and merged (anti-reconnected) with the recently reconnected IMF field lines to create new open lobe field lines. Note that by 1300 UT, the plasma flow is tailward on both sides of the neutral line.
[10] As the substorm expansion phase continues the various neutral lines join, and by 1312 UT there is a single neutral line at x % À25 R E for À18 R E < y < 10 R E (not shown). After 1312 UT the auroral activity subsides. The second intensification of the substorm between 1316 UT and 1320 UT was similar to the one described aboveearthward flow from the neutral line at x % À25 R E reverses direction near the Earth and forms a strong vortex on the dusk side of the tail.
Discussion
[11] The global simulation of the December 22, 1996 substorm exhibits a quite unexpected large-scale vortical nightside convection pattern. Of immediate concern, of course, is whether these vortical flow structures are somehow an artifact of the simulation model. However, for the December 22 substorm, both Geotail at dawn and Interball at dusk detected plasma (Geotail) and magnetic field signatures (both) that were in excellent agreement with those predicted by the simulation model. In addition, the observed morphology and intensity of the auroral luminosity were well modeled by this simulation [Ashour-Abdalla et al., 2002] . These indicate that the simulation did accurately model the December 22 substorm dynamics. Therefore we must seriously consider why tail reconnection might drive large-scale vortical flows and the possible consequences of these flows for substorms.
[12] The behavior of the system is more complex than that reported from previous simulations of tail flow that were carried out under ideal conditions Birn and Hesse [1996] . The complete flow reversal and vortex formation seen in Figure 1 were not found in these ideal simulations. However, in data driven simulations vortical flows have been observed [Wiltberger et al., 2000; El-Alaoui, 2001; Maynard et al., 2001] .
[13] A possible explanation for the development of the tail flow vortices is that the simulated sunward convection was limited or partially blocked by the high near-Earth plasma pressure (the simulation's attempt to form a ring current) and/or by line-tying due to the high ionospheric conductance. Since the IMF was southward during much of December 22, the 1252 UT substorm had a long growth phase. In the simulation model, tail reconnection at the nearEarth neutral line occurs quasi-continuously during periods of southward IMF; the long interval of earthward convection produces a high pressure ''ring current'' in the inner magnetosphere which, in turn, results in a precipitationproduced enhanced ionospheric conductivity (see Raeder et al. [1995] for a discussion of the relationship between the ionospheric conductance and the magnetospheric parameters in the simulation). The ''ring current's'' earthward pressure gradient opposes the inward convective flow, but it is normally expected to help divert the flow around the Earth toward the dayside. [14] Ionospheric line-tying, on the other hand, can limit the total ionospheric convective flow [Coroniti and Kennel, 1973] , and the magnetospheric response to such limitations must be to alter its global convection pattern. The ionospheric convection electric field is maintained against Pedersen dissipation by magnetospheric stresses communicated by field-aligned currents. If the ionospheric conductance is too high, the magnetosphere is unable to provide the total field-aligned current necessary to sustain the full solar windimposed potential drop. If the magnetospheric convection rate from tail reconnection exceeds the ionospheric convective flux return rate to the dayside, the earthward flow is blocked, and the adverse pressure gradient forces the plasma and magnetic flux to flow tailward, and to form a vortical convection pattern. The tailward flow stretches and shears the closed field lines until either they reconnect internally to form a plasmoid-flux rope or they encounter the pre-existing tail neutral line and merge with recently formed IMF field lines to produce new lobe field lines. Although the estimate is rough, a nightside ionospheric Pedersen conductance of $20 SI and a limitation of the tail-supplied field-aligned current to 10% of the total tail current would limit the ionospheric potential to well-below the typical 100 kV solar wind potential. Thus ionospheric line-tying provides a possible explanation for the unexpected magnetospheric vortical convection flows. Further studies of other substorms will be required to determine whether vortical flows are a common feature.
[15] The duskside vortex structures created strong fieldaligned currents directed away from the ionosphere on field lines that connected to the maximum auroral luminosity. Thus these strong currents may be related to the westward traveling surge, and the overall energetics of the surge would certainly require coupling to a large magnetospheric energy source. Finally, these results suggest a word of caution. The dawnside flow vortex formed a plasmoid-flux rope just prior to the onset of the ground substorm. Had it been detected by a local spacecraft, this tailward flowing plasmoid might well have been interpreted as having been formed by a new near-earth neutral line in advance of the breakup of a ground substorm and thus as the cause of the breakup. If the novel vortex convection state that formed in the simulation model of the December 22 substorm actually occurs in the magnetosphere for some substorms, our results could reconcile some of the apparently conflicting associations between plasmoid-flow measurements in the nearearth tail and substorm onsets.
